Small-scale Heterogeneities and Buoyancy-driven CO2 Migration in Geological Storage  by Li, Boxiao & Benson, Sally M.
 Energy Procedia  63 ( 2014 )  3608 – 3615 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).






Department of Energy Resources Engineering, Stanford University, 367 Panama St, Stanford CA, 94305, USA  
Abstract 
,W LVZHOOXQGHUVWRRGWKDWVSDWLDOO\FRUUHODWHGKHWHURJHQHLWLHVFDQDIIHFW ODUJHVFDOH&2PLJUDWLRQV LQJHRORJLFDOVHTXHVWUDWLRQ











,Q UHFHQW \HDUV WKH LQIOXHQFH RI VPDOOVFDOH KHWHURJHQHLW\ RQ ODUJHVFDOH &2 PLJUDWLRQ LQ JHRORJLFDO
VHTXHVWUDWLRQKDVEHHQUHFHLYLQJLQFUHDVLQJDWWHQWLRQ>@([SHULPHQWDOREVHUYDWLRQVIURPVHYHUDOJURXSVLQFOXGLQJ
RXUVVKRZVSDWLDOYDULDWLRQVRI&2VDWXUDWLRQLQURFNFRUHVDIWHU LQMHFWLQJ&2WRGLVSODFHZDWHU >@(YLGHQFH
KDV DOVR VKRZQ WKDW VSDWLDOO\ FRUUHODWHG KHWHURJHQHLWLHV HJ FURVVEHGGLQJ FDQ HIIHFW &2 GLVSODFHPHQW DQG
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WZRH[DPSOHVRI%HUHDVDQGVWRQHFRUHV LQZKLFK WKH VXEFRUHVFDOHSHUPHDELOLW\GLVWULEXWLRQVDUHREWDLQHGXVLQJ
WKHPHWKRGVE\>@DQG>@XVLQJKLJKUHVROXWLRQ&RPSXWHG7RPRJUDSK\&7LPDJLQJ$OWKRXJKWKHILJXUHVRQO\
VKRZ WKH KHWHURJHQHRXV SHUPHDELOLW\ GLVWULEXWLRQ KHWHURJHQHLWLHV DUH DOVR SUHVHQW LQ SRURVLW\ DQG FDSLOODU\
SUHVVXUHVDWXUDWLRQUHODWLRQVKLS7KHODWWHUFDQEHGLUHFWO\PHDVXUHGE\ >@DQG>@(DFKYR[HOLVͳǤͶ͸ ൈ ͳǤͶ͸ ൈ ʹ
PPIRUWKHILUVWFRUHVDPSOHDQGʹ ൈ ʹ ൈ ͵PPIRUWKHVHFRQGVDPSOH%HVLGHVWKHODPLQDWLRQVDVLQGLFDWHGE\
WKHUHGDUURZVKHWHURJHQHLWLHVDUHDOVRIRXQGLQWKHVXUURXQGLQJDUHDZKHUHQRGLVWLQFWSDWWHUQVDUHREVHUYHG6XFK
KHWHURJHQHLWLHVKDYHDKLJKGHJUHHRIUDQGRPQHVVRUHQWURS\LQJHRVWDWLVWLFDOWHUPLQRORJ\DQGDVKRUWFRUUHODWLRQ
OHQJWK VHYHUDO PLOOLPHWHUV )RU VDQGVWRQHV WKH VL]H RI D 5HSUHVHQWDWLYH (OHPHQWDU\ 9ROXPH 5(9 LV
DSSUR[LPDWHO\PP>@DQGKHQFHPLOOLPHWHUVFDOHLVWKHPRVWQDWLYHVFDOHRIKHWHURJHQHLW\DWZKLFK'DUF\¶V/DZ
LV DSSOLFDEOH +HUHDIWHU ZH UHIHU WR VXFK KHWHURJHQHLWLHV DV VPDOOVFDOH +LJK5DQGRPQHVV 3DWWHUQ)UHH +53)







6PDOOVFDOH +53) KHWHURJHQHLWLHV DUH LJQRUHG LQ PDQ\ QXPHULFDO VWXGLHV DERXW FDSLOODU\ KHWHURJHQHLW\ HJ
>@ SUREDEO\ EHFDXVH D GRPDLQ ZLWK WKLV W\SH RI KHWHURJHQHLWLHV DSSHDUV KRPRJHQHRXV IURP D ODUJHU VFDOH
+RZHYHU LW LV LPSRUWDQW WRXQGHUVWDQGZKHWKHUDQGKRZ WKH\ZLOO DIIHFW WKHG\QDPLFVRI&2PLJUDWLRQDW ODUJH
VFDOH VR DV WR SUHVHUYH DOO UHOHYDQW SK\VLFV LQ PRGHOLQJ (YLGHQFH KDV VKRZQ WKDW D VOLJKW LQDFFXUDF\ LQ
FKDUDFWHUL]LQJ WKHPXOWLSKDVH IORZSURSHUWLHV FDQ DFFXPXODWH DQG OHDG WR VLJQLILFDQW HUURU LQPRGHOLQJ ORQJWHUP
&2VHTXHVWUDWLRQPRGHOLQJ>@
2. Influence of small-scale heterogeneities on CO2 migration 
2.1. Simulation set up 




LQWRʹͲͲ ൈ ʹͷͲͲFHOOVLQWKHxDQGzGLUHFWLRQV(DFKJULGEORFNLVʹ ൈ ʹ ൈ ʹPPZKLFKFRUUHVSRQGVWRWKHQDWLYH
VFDOH RI KHWHURJHQHLW\ REVHUYHG LQ QDWXUDO VDQGVWRQHV )RU VLPSOLFLW\ WKH SRURVLW\ LV IL[HG DW  IRU WKHZKROH
GRPDLQ 7KH SHUPHDELOLW\ ILHOG LV JHQHUDWHG XVLQJ 6HTXHQWLDO *DXVVLDQ 6LPXODWLRQ >@ DQG WKH KLVWRJUDP DQG
YDULRJUDPRIWKHSHUPHDELOLW\GLVWULEXWLRQDUHVKRZQLQ)LJVDDQGE6SHFLILFDOO\WKHSHUPHDELOLW\IROORZVD
ORJQRUPDO GLVWULEXWLRQZLWKPHDQ DVͳͲିଵଷP PG DQG VWDQGDUG GHYLDWLRQ DVͺ ൈ ͳͲିଵସP PG 7KH
FRUUHODWLRQOHQJWKLVPP
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7KHSHUPHDELOLW\ILHOGLVVKRZQLQ)LJF,WLVUHODWLYHO\KRPRJHQHRXVDWWKHVFDOHRIWKHHQWLUHGRPDLQZKHUH







௖ܲሺܵ௪ሻ ൌ ͶǤ͵͸ͳ ൈ ͳͲିହඥ߶ ݇Τ ܬሺܵ௪ሻǡ 
ܬሺܵ௪ሻ ൌ ͲǤͳሺܵ௪כ ሻି଴Ǥହǡ ܵ௪כ ൌ ሺܵ௪ െ ܵ௪௜ሻ ሺͳ െ ܵ௪௜ሻΤ Ǥ 
ZKHUHܵ௪௜ LV WKH LUUHGXFLEOH ZDWHU VDWXUDWLRQ ZKLFK ZH WDNH DV  ௖ܲ LV LQ N3D DQG݇ LV LQ P 'XH WR WKH
KHWHURJHQHRXVSHUPHDELOLW\ILHOGWKHFDSLOODU\SUHVVXUHVDWXUDWLRQUHODWLRQVKLSLVDOVRKHWHURJHQHRXV)RUVLPSOLFLW\
ZHDVVXPHWKDWDOOJULGEORFNVVKDUHWKHVDPHVHWRIUHODWLYHSHUPHDELOLW\FXUYHVQDPHO\




7KH SURSHUWLHV RI &2 DQGZDWHU IROORZ WKH SUHVVXUH DQG WHPSHUDWXUH FRQGLWLRQV RI >@ ZKLFK LV XVHG DV D
EHQFKPDUNIRUORQJWHUP&2VHTXHVWUDWLRQVLPXODWLRQV6SHFLILFDOO\WKHGHSWKDWERWWRPRIWKHGRPDLQLVP
DQGWKHWHPSHUDWXUHLV&&2DQGZDWHUGHQVLWLHVDUHߩ௡ ൌ ͹ʹ͹NJPDQGߩ௪ ൌ ͻͺʹNJPDQGWKHYLVFRVLWLHV
DUHߤ௡ ൌ ͲǤͲ͹P3DāVDQGߤ௪ ൌ ͲǤ͵ͷP3DāVUHVSHFWLYHO\
:HFRQVLGHUWZRVLPXODWLRQFDVHVZKRVHLQLWLDODQGERXQGDU\FRQGLWLRQVDUHLOOXVWUDWHGLQ)LJVFDQGG,Q
&DVHZDWHU IXOO\ VDWXUDWHV WKHGRPDLQ LQLWLDOO\7KH OHIW DQG ULJKW ERXQGDULHV DUH FORVHG DQG WKH LQLWLDO LQVLWX
SUHVVXUHDWWKHWRSERXQGDU\LVKHOGFRQVWDQW7KHERWWRPERXQGDU\KDVFRQVWDQWZDWHUVDWXUDWLRQDVDVLILWLV
FRQQHFWHGZLWKDODUJH&2SRROXQGHUQHDWK7KLVPLPLFV&2OHDNDJHLQWRDQDTXLIHUDERYHWKHIRUPDWLRQZKHUH




IURP WKHERWWRPRI WKHGRPDLQ WRZDUGV WKH WRS GULYHQE\EXR\DQF\ DQG FDSLOODU\ IRUFHV+HUHZH IRFXVRQ WKH
LQIOXHQFHRIVPDOOVFDOHKHWHURJHQHLW\RQWKHGUDLQDJHSURFHVVGLVSODFHPHQWRIZDWHUE\&2DW WKHSOXPHIURQW
7KHUHIRUHZH LJQRUHK\VWHUHVLV IRUERWKFDVHV LQHLWKHU WKHFDSLOODU\SUHVVXUHRU WKHUHODWLYHSHUPHDELOLW\FXUYHV
)RUVLPSOLFLW\ZHDOVRLJQRUH&2GLVVROXWLRQLQZDWHUDQGUHDFWLRQZLWKWKHPLQHUDOV






>@ 7KH )LQLWH 9ROXPH0HWKRG DQG WKH )XOO\ ,PSOLFLW0HWKRG ZHUH HPSOR\HG DV WKH VSDWLDO DQG WHPSRUDO
GLVFUHWL]DWLRQVFKHPHV6LPXODWLRQVWHUPLQDWHZKHQWKH&2IURQWUHDFKHVWKHWRSERXQGDU\
2.2. Fine-scale and homogenized simulations 
)LQHVFDOH VLPXODWLRQV RI &DVHV  DQG  DUH SHUIRUPHG ,Q JHQHUDO FDVHV KRZHYHU LW LV LPSUDFWLFDO WRPRGHO
DTXLIHUVFDOH&2PLJUDWLRQE\FKDUDFWHUL]LQJPLOOLPHWHUVFDOHKHWHURJHQHLWLHVLQGHWDLO7KHUHIRUHKRPRJHQL]DWLRQ
DOVR FDOOHGXSVFDOLQJ LV RIWHQGHVLUHGZKLFK XVHV DQ HIIHFWLYHSURSHUW\ WRSUHVHUYH WKH LQIOXHQFHRI VPDOOVFDOH
KHWHURJHQHLWLHV RQ WKH RYHUDOO IORZ G\QDPLFV DW D ODUJHU VFDOH ,Q IDFW WKH URFN SURSHUWLHV PHDVXUHG IURP FRUH
DQDO\VLV LQ ODERUDWRULHV DUH HVVHQWLDOO\ HIIHFWLYH SURSHUWLHV DW FRUH VFDOH )RU WKH GRPDLQ GHVFULEHG LQ )LJ  WKH
HIIHFWLYH SHUPHDELOLW\ LV݇ୣ୤୤ ൌ ͹Ǥͷ ൈ ͳͲିଵସP FRPSXWHG IURP VLQJOHSKDVH XSVFDOLQJ HJ >@ WKH HIIHFWLYH
SRURVLW\ LV߶ୣ୤୤ ൌ ͲǤʹͷFRPSXWHG E\ GLYLGLQJ WKH WRWDO SRUH YROXPH E\ WKH WRWDO EXON YROXPH DQG WKH HIIHFWLYH
FDSLOODU\SUHVVXUHFXUYHLVJLYHQE\









WKHVXPPDWLRQRIZDWHUDQG&2SKDVHYHORFLWLHV LVPGD\ZKLFKFRUUHVSRQGV WRDFDSLOODU\QXPEHU ௖ܰ ൌ









WKH SRURXV PHGLD WKDW KDYH GLVWLQFWLYH KHWHURJHQHLW\ SDWWHUQV VXFK DV ODPLQDWLRQV >@ DQG LQFOXVLRQV >@
)LJXUHGHPRQVWUDWHVWKDWVXFKIORZUDWHGHSHQGHQF\DOVRH[LVWV IRUPLOOLPHWHUVFDOH+53)KHWHURJHQHLWLHVHYHQ
WKRXJKWKHGRPDLQDSSHDUVKRPRJHQHRXVDWDODUJHUVFDOH
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
)LJ(IIHFWLYHUHODWLYHSHUPHDELOLW\FXUYHV7KHVROLGFXUYHVDUHREWDLQHGIURPDKLJKIORZUDWHDQGWKHGDVKHGFXUYHVDUHIURPDORZUDWH
)RU&DVHVDQG WKH WRWDO IORZUDWH LVVPDOOHU WKDQPGD\ ,QIDFW LW LVFORVH WR]HURGXH WR WKHFRXQWHU
FXUUHQW IORZFDXVHGE\JUDYLW\VHJUHJDWLRQDQGFDSLOODU\HTXLOLEUDWLRQ+HQFH WKHGDVKHGFXUYHV LQ)LJDUH WKH
FRUUHFWHIIHFWLYHUHODWLYHSHUPHDELOLWLHVRIWKHGRPDLQ







DQG KHQFH WKH FRUH LV DVVXPHG WR EH KRPRJHQHRXV 7KH SHUPHDELOLW\ SRURVLW\ DQG FDSLOODU\SUHVVXUH FXUYH DUH
PHDVXUHGRQWKHZKROHFRUH7KHUHVXOWVDUHLQKHUHQWO\ µHIIHFWLYH¶SURSHUWLHVRIWKHFRUHDQGDUHHTXDOWRWKH݇ୣ୤୤
߶ୣ୤୤DQG ௖ܲǡୣ୤୤PHQWLRQHGDERYH$FRUHIORRGH[SHULPHQWLVSHUIRUPHGWRPHDVXUHWKHUHODWLYHSHUPHDELOLW\FXUYHV
RI WKH VDPSOH ,W LV FRQGXFWHGXQGHU D KLJK IORZ UDWH HJ PGD\ VR DV WR HOLPLQDWH WKH FDSLOODU\ HQGHIIHFW
ZKLFK LV D VWDQGDUG SUDFWLFH LQ FRUH DQDO\VLV >@ 7KH PHDVXUHG UHODWLYH SHUPHDELOLWLHV DUH DOVR WKH HIIHFWLYH
SURSHUWLHVRIWKHFRUH)RUDKRPRJHQHRXVSRURXVPHGLXPRQHRIWKHIXQGDPHQWDODVVXPSWLRQVLQWKHPXOWLSKDVH
H[WHQVLRQ RI 'DUF\
V /DZ >@ LV WKDW LWV UHODWLYHSHUPHDELOLW\ FXUYHV DUH QRW IORZUDWH GHSHQGHQW 7KHUHIRUH
EHFDXVH WKH FRUH LV DVVXPHG WR EH KRPRJHQHRXV WKH HIIHFWLYH UHODWLYHSHUPHDELOLW\ FXUYHV REWDLQHG IURP D KLJK
IORZUDWHPGD\WKHVROLGFXUYHVLQ)LJZRXOGEHDVVXPHGWREHDSSURSULDWHIRUPRGHOLQJ&2PLJUDWLRQLQ






DQG FDSLOODULW\ 7KHVH DUH WKH WUXH VROXWLRQV RI WKH GLVSODFHPHQW SURFHVV LQ D KLJK UHVROXWLRQ 7KH µ%¶ FROXPQV














)LJXUHSORWV WKH WUDYHOGLVWDQFHRI WKHSOXPH WLSYHUVXV WLPH:HGHILQH WKH ORFDWLRQRI WKHSOXPH WLSDV WKH
KHLJKWZKHUHWKHDYHUDJH&2VDWXUDWLRQDORQJWKLVKHLJKWHTXDOV$VREVHUYHGIURPWKH%FROXPQVLQ)LJDQG





FXUYHV DJUHH ZLWK HDFK RWKHU LQGLFDWLQJ WKDW WKH RYHUHVWLPDWLRQ RI WKH &2 PLJUDWLRQ VSHHG LV QRW FDXVHG E\
QXPHULFDO DUWLIDFWV ,Q &DVH  LI FDSLOODU\ KHWHURJHQHLWLHV DUH LJQRUHG WKH &2 SOXPH ZLOO DUULYH WKH WRS RI WKH











ܦ ൌ ݇௥௪݇௥௡݇௥௪ ൅ ఓೢఓ೙݇௥௡
 
ZKHUHߤ௪Ȁߤ௡LV YLVFRVLW\ UDWLRRIZDWHU WR&2ZKLFKHTXDOV ILYH LQ WKH SUHYLRXV VLPXODWLRQV)LJXUHSORWV WKH
JUDYLWDWLRQDOFRHIILFLHQWYHUVXVZDWHUVDWXUDWLRQ IRUGLIIHUHQWYLVFRVLW\UDWLRV7KH VROLGFXUYHVDUHFRPSXWHG IURP
WKHVROLGFXUYHVLQ)LJDQGWKHGDVKHGFXUYHVDUHREWDLQHGIURPWKHGDVKHGFXUYHVLQ)LJ7KHWKLQEOXHOLQHV
DUHµFRQYH[KXOOV¶RIWKHJUDYLWDWLRQDOFRHIILFLHQWVWKHVORSHVRIZKLFKDUHFKDUDFWHULVWLFYHORFLWLHVRIWKH&2IURQW




SURFHVVHV +RZHYHU ZKHQ WKH QRQZHWWLQJ SKDVH LV PRUH YLVFRXV VPDOOVFDOH +53) KHWHURJHQHLWLHV DUH OHVV
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4. Conclusions 
([SHULPHQWDOHYLGHQFHKDVVKRZQWKDWWKHPRVWQDWLYHVFDOHRIKHWHURJHQHLWLHVZKHUH'DUF\¶V/DZLVKHOGLVRQ






7KH LQIOXHQFH RI VPDOOVFDOH KHWHURJHQHLWLHV FDQ EH DFFXUDWHO\ LQFOXGHG LQ WKH HIIHFWLYH UHODWLYHSHUPHDELOLW\

















>@.UDXVH0.UHYRU 6%HQVRQ60$3URFHGXUH IRU WKH$FFXUDWH'HWHUPLQDWLRQ RI 6XE&RUH 6FDOH 3HUPHDELOLW\'LVWULEXWLRQVZLWK(UURU
4XDQWLILFDWLRQ7UDQVS3RURXV0HG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